ABSTRACT In this paper, a damage imaging method for 2-D concrete structures is proposed by employing embedded tubular piezoceramic transducers. The proposed method can image the damages when few numbers of transducers are used or less experimental data is collected. First, the time difference of arrival-based delay and sum (DAS) imaging method is adopted to improve the damage localization accuracy for concrete structural health monitoring. Compared with the conventional DAS imaging algorithm, the proposed method increases the potential number of combinations between the response signals induced by the damage in each transmitter and sensor pair, improving the signal to noise ratio of the imaging map and enhancing the performance of the defect detection and location. Second, to enable the proposed method applicable to a 2-D concrete structure (such as cement concrete pavement and shear walls), embeddable tubular lead zirconate titanate (PZT) transducers rather than conventional PZT patches are used. The new tubular PZT transducers are able to generate radially uniform stress waves in a planar concrete structure. Due to the special construction of the tubular PZT transducers, the detection aperture is significantly improved. Therefore, a few transducers are needed in contrast with the conventional PZT patches. The experimental results conducted on a concrete slab with eight embedded tubular PZT transducers demonstrate that the proposed method can predict the defect accurately and efficiently even with few transducers and less experimental data.
based damage index. Khan et al. [19] proposed a hybrid SHM methods based on infrared thermography, acoustic emission and ultrasonic techniques to detect flaws more effectively for concrete walls. However, these methods could only be regarded as the preliminary investigation (qualitative analysis) for damage detection in concrete structures. In a majority of cases, this kind of method could not display the location and size of the flaws.
With the capacity of damage location and size determination, imaging based damage detection method has been extensively researched and, especially in recent years, extended to concrete damage detection, including the ultrasonic computerized tomography (CT) and the migration algorithm [20] [21] [22] [23] [24] [25] . Chai et al. [26] discussed the ultrasonic attenuation based tomography algorithm for concrete in their research. Experimental and simulative results indicated that attenuation tomography may provide a complementary method to the travel time tomography. Beniwal and Ganguli [27] employed the focused ultrasound and the reverse time migration based subsurface imaging algorithm to assess the health condition of concrete structures. Since the amplitude of the incident field was enhanced by the focused ultrasonic technique, the imaging results of the defects in the monitoring area were enhanced. Hoegh and Khazanovich [28] proposed a quantitative nondestructive characterization method for defects and inclusions in concrete structures based on extended synthetic aperture focusing technique. However, these kinds of imaging method need many measuring points along the surface of the monitoring area. Thus, they are time-consuming, costly and difficult to realize real-time SHM of concrete [29] , [30] . Furthermore, acoustic couplant must be used to ensure the coupling condition between the ultrasonic probes and the monitored structures.
Unlike the CT or the migration imaging method, the delayand-sum (DAS) algorithm normally needs a baseline from the healthy condition to image the damage. It is worth to notice that, compared to the CT or the migration method, the DAS based damage detection method need fewer transducers and simpler equipment. Meanwhile, in most case, the transducers employed in the DAS based imaging method are embedded in or fixed on the structures for real time monitoring. Because of these characteristics of the DAS based imaging method, many successful applications in mechanical and aerospace engineering can be found [31] [32] [33] [34] [35] . Clarke and Cawley [36] proposed an enhanced damage imaging method that could suppress the artifacts effectively. Hall and Michaels [37] employed the minimum variance distortion-less response imaging method, which is an improved version of the conventional DAS imaging method, to enhance the damage detection performance. However, due to the complexity of the concrete material, the scattering and attenuation of the transmitted signals in concrete are severe. The experimental data obtained from the concrete structure are usually difficult to interpret. Therefore, to date however, the DAS imaging method for damage detection of concrete structures is rarely studied. Few papers can be found.
Increasing the number of transducers around the target is a common way to enhance the spatial resolution of the conventional DAS method [38] . However, for concrete structures, due to their large dimensions, using a large number of transducers may not be feasible. Thus, in this paper, we employ the integrated time difference of arrival (TDOA) DAS imaging method, which is called the hyperbolic DAS imaging method, to enhance the imaging resolution without increasing the number of transducers or increasing the measurement data. That is, this paper can be regarded as a further research of our recently published paper [39] , which realizes online damage detection of concrete structures when few transducers are used. The TDOA technique is first proposed to locate the source, when the timing information of the transmitted signal is unknown [40] . Nevertheless, the conventional TDOA method is based on solving the hyperbolic equations to find the focal point [41] . The conventional DAS imaging method employs the response from the damage between different transmitter and sensor pairs to draw ellipses. Instead, the TDOA based DAS imaging method utilizes the received signals at two different sensors to draw hyperbolas to show the image of the damage [42] . If the same number of transducers are employed, information of the damage contained in the received signals are utilized more effective in the TDOA based DAS imaging method. The resolution of the damage's image is enhanced, as well as the signal to noise ratio (SNR). Therefore, the TDOA based DAS imaging method seems more appropriate for practical SHM of bulk concrete structures. Unfortunately, the TDOA based DAS imaging method has not been researched in damage detection of concrete structures. Therefore, in this paper, this method will be studied in detail, and the performance of the proposed method is compared with the conventional DAS imaging method via experimental verification on a concrete slab.
In consideration of the research objects being twodimensional concrete structures, to enable the application of the TDOA based DAS imaging method in concrete structures, an embeddable tubular Lead Zirconate Titanate (PZT) transducer is developed. The tubular PZT transducer can generate omnidirectional uniform transmitted stress wave in a concrete slab, which is very important for stress waved based imaging method. Contrast with the conventional PZT patches which are normally used in damage detection of concrete structures, the tubular PZT transducers proposed in this paper can improve the detection aperture, and decrease the transducers which are needed to monitor the inspected concrete structures. Thus, the tubular PZT transducer can be easily embedded in concrete structures and, along with the proposed TDOA based DAS imaging method, can be used for real time imaging based damage detection of a concrete structure.
This article is organized as follows. The theoretical basis of the TDOA based DAS imaging method and the conventional DSA imaging method, as well as the tubular PZT transducer VOLUME 6, 2018 are introduced in Section 2. In Section 3, the experimental setup, including the data acquisition system and the experimental specimen of a concrete slab with embedded tubular PZT transducers, is presented. Then, the experimental performances of the TDOA based DAS imaging method are compared to those of the conventional DAS imaging method in Section 4. Section 5 concludes the paper and recommends future work.
II. THE TUBULAR PZT TRANSDUCER AND THE TDOA BASED DAS IMAGING METHOD A. THE TUBULAR PZT TRANSDUCER
A tubular PZT transducer shown in Fig. 1 , rather than the conventional PZT patch, is employed to induce and receive stress wave in two-dimensional concrete structures. Although, applications of the conventional PZT patches have been widely researched in detecting various types of damage in various structures [43] [44] [45] [46] [47] , the use of tubular PZT transducers to characterize the healthy condition of two-dimensional concrete structures has rarely being reported, to the best knowledge of the authors. Due to the geometry of a conventional PZT patch, the induced transmitted signals are direction dependent [48] , [49] , as shown in Fig. 2(a) . It can be clearly seen that the actuating and sensing capabilities of the conventional PZT patch are limited to within a certain aperture. In practice, the location of the damage is unpredictable. Thus, at least two PZT patches are needed to monitor the whole area in a two-dimensional concrete structure. Nevertheless, the actual concrete structures are usually large. It is unrealistic and uneconomic to employ too many transducers to monitor their health condition.
To solve this problem, in this research, the tubular PZT transducers are first proposed to induce omnidirectional transmitted signals in a two-dimensional concrete structure. Since transmitted signals generated by the tubular PZT transducers are almost perpendicular to the circular outer surface of the tube, the induced transmitted signals are radially uniform, as shown in Fig. 2(b) . The detection aperture of the proposed transducers is significantly improved. Therefore, only one tubular PZT transducer is needed in an inspected area of the concrete structure.
B. THE SCATTERING SIGNAL
As mentioned above, the conventional elliptical type DAS method needs a baseline from the health condition of the monitored structure, so does the TDOA based DAS imaging method. The scattering signals induced by the defect are obtained by baseline subtraction method [36] .
In this paper, we assume that the difference between the healthy and the defective condition of the monitored structure is only caused by the defect. Thus, the signals induced by the defect are obtained as,
where s ij (t) is the scattering signal induced by the damage between transmitter i and sensor j, y ij (t) is the current signal of interest, and y b ij (t) is the baseline response. To better explain the baseline subtraction method, the process of obtaining the damage scattering signal is shown in Fig. 3 .
After the scattering signals are obtained, some researches employ the raw signals to image the damage, others suggest using the envelope of the scattering signals to construct the image of the detection area [50] . In this paper, the latter method is adopted, and the envelope of the scattering signalŝ s ij (t) can be expressed as,
where envelop expresses the envelope-detection operating [36] .
C. THE CONVENTIONAL ELLIPTICAL TYPE DAS METHOD
Consider a spatially distributed array of N tubular PZT transducers embedded in a concrete slab at known locations. Due to the direct and the inverse piezoelectric effect, the embedded tubular PZT transducer can work as actuator and sensor. Furthermore, the research object in this work is a concrete slab. The thickness of the concrete slab is much smaller than the length and width. Therefore, the damage detection problem of the concrete slab can be simplified into a twodimensional damage imaging problem. In this paper, the i transducer located at r i (x i , y i ) represents the actuator, and the j and the k transducer located at r j (x j , y j ) and r k (x k , y k ) represents the sensor.
The conventional DAS imaging method can transform the temporal information of the damage into the two-dimensional surface image of the monitoring area or vice versa. Assume that there is an arbitrary point, which can scatter the incident stress wave, located at r (x, y) in the concrete slab. Then the time taken for the stress wave goes through the arbitrary point to arrive the sensor is the sum of the time for the incident wave to travel from the transmitter to the arbitrary point, and for the scattered signal to travel from the arbitrary point to the sensor. The entire process can be expressed as [39] ,
where t e ij is the arrival time of the scattering signal from the arbitrary point for the transmitter and sensor pair ij, and v g is the velocity of the transmitted stress wave in the monitored structure.
The conventional DAS damage imaging method has been discussed detailed in our recently published paper [39] . As well as in this paper, only one of the transducer works as the actuator, other N − 1 transducers work as the sensor. Therefore, the image of the damage can be obtained as, (4) where I (x, y) is the pixel value of the image at location of r (x, y).
Obviously, if there is a damage at the location of the hypothetical arbitrary point, the image pixel point r (x, y) gains a nonzero value ideally. Conversely, if there is no damage at the location of the hypothetical arbitrary point, the image pixel point r (x, y) gains a zero value. Therefore, the peak value in the image represents the location of the damage.
D. THE TDOA BASED DAS IMAGING METHOD
Unlike the elliptical type DAS method, the TDOA based DAS imaging method utilizes the time difference of arrival measured by each transmitter and sensor pair to construct the image of the inspected area. Therefore, the time difference of arrival between each two transmitter and sensor pair should be computed first.
Similarly, only one PZT transducers is employed to emit the incident signal in each detection, and other transducers work as sensors. Hence the additional time function contained the information of the damage r jk (t) between the transmitter and sensor pair ij and ik can be expressed as,
where , corr represents the cross-correlation operation. Based on the above assumption, there is an arbitrary point which can scatter the incident stress wave existing in the concrete slab. Then the scattering stress wave is received by the sensor j and the sensor k. Therefore, the time difference of arrival between transmitter and sensor pair ij and ik can be expressed as [42] ,
Hence, the image pixel value obtained by using two transmitter and sensor pair signals is determined by wherer jk (t) is the envelope of the cross-correlation function r jk (t) between transmitter and sensor pair ij and ik.
Compared to the conventional elliptical type DAS imaging method in (4), the advantage of the TDOA based DAS imaging method in (7) is that more information contained in the scattering signals is utilized to locate the damage. If only one of the N transducers is used as the actuator, the number of potential combinations of the elliptical type DAS imaging method is N −1. However, the number of the potential number of combinations of the TDOA based DAS imaging method has gone up to (N − 1) (N − 2) /2. Since information of the damage contained in each transmitter and sensor pair is more effectively utilized (when N > 4), the greater number of combinations effectively results in a higher SNR. Namely, the TDOA based DAS imaging method need less transducers and experimental data than the conventional elliptical type DAS imaging method to achieve the same imaging effect.
III. EXPERIMENTAL SETUP
To validate the advantage of the proposed damage detection method, an experiment on a 1000mm×1000mm×200mm concrete slab is carried out [39] . Eight tubular PZT transducers (the internal diameter, outside diameter and height of the tubular PZT transducer are 20 mm, 16 mm, and 25 mm, respectively), which can induce two-dimensional stress wave, are embedded into the wooden mould at the specified location previously, as shown in Fig. 4 and Table 1 . In order to make them safe from water and damage during the casting of the concrete, the tubular PZT transducers are insulated by epoxy resin.
The overall experimental setup includes a concrete slab, a NI data acquisition card, a high voltage amplifier and a laptop, as shown in Fig. 5 . The data acquisition card is used to generate and collect the transmitted stress waves. The sample rate of the data acquisition card is 2MS/s. Due to the maximum voltage that the generator can output is ±10V, a high voltage amplifier with a fixed gain of 10 was used to amplify the signal. The excitation signal is a Gaussianmodulated sine signal, as shown in Fig. 6(a) and (8) .
where the amplitude of the electrical signal which is sent into the high voltage amplifier is A = 10V, the delay is d =37.5us, the central frequency is f c = 75kHz, and the parameter is k = 3.39 × 10 9 .
After the signals are collected from the healthy concrete slab, a through-hole is drilled at the specified location, as shown in Table 1 , to represent the damage. The diameter of the through-hole is 15mm. Then the baseline subtraction method is used to compute the damage induced signals by using (1) . Typical signals when T3 works as the actuator and T7 works as the sensor is shown in Fig. 6(b) and Fig. 6(c) , respectively.
In addition, it should be noted that concrete is a kind of heterogeneous material. If the wavelength of the stress wave is close to the dimension of the coarse aggregate, serious scattering may reduce the SNR of the image of the defect [51] . In this experiment, the center frequency of the excitation is 75 kHz, the longitudinal wave wavelength is about 51mm. However, the grain diameter of the coarse aggregate is about 16mm. Therefore, the scattering attenuation caused by coarse aggregate can be ignored.
IV. EXPERIMENTAL RESULT AND DISCUSSION
After the velocity of the stress wave being measured with the value of 3800 m/s [52] , the image of the concrete slab is computed by (4) for the conventional elliptical type DAS imaging method, as well as the (7) for the TDOA based DAS imaging method, and the computing results are normalized by the maximum of the pixel value. To study the performance of the TDOA based DAS imaging method and the conventional DAS imaging method when few transducers and experimental data are used, only one tubular PZT transducer works as the actuator for each detection. actual location of the through-hole. It can be seen that the pixel values around the location of the defect are much larger than those in other areas. Namely, the crimson area in the image indicates the location of the artificial defect. To clearly reveal the damage, the −1.5dB areas of the results are shown in Fig. 7(b) . It is noted that the −1.5dB employed here is only aimed to make the imaging results more distinguishable. The specific relationship between the hole and the image will be studied in our further research.
For the conventional DAS imaging method, since fewer potential combinations can be utilized to locate the defect, as compared with the TDOA based DAS imaging method, many artifacts appear when only T4 works as an actuator, as shown in Fig. 8(a) and Fig. 8(b) . The pixel values at the location of artifacts are much larger than those at the VOLUME 6, 2018 location of the defect. In other words, the artifacts can easily be mistaken for a defect. Fig. 9(a) shows the imaging result of the TDOA based DAS imaging method when the tubular PZT transducer T5 works as the actuator. Similar to Fig 7, the location of the artificial defect is clearly displayed with high accuracy and satisfactory resolution. This result verifies the feasibility of the TDOA based DAS imaging method for damage detection when few transducers and experimental data are available.
However, the image constructed by the conventional DAS imaging method could also display the defect, when T5 works as an actuator, as shown in Fig. 10(a) . Although, the location of the artificial through-hole can still be found, the resolution of the conventional DAS imaging method is lower than that of the TDOA based DAS method, as shown in Fig. 10(b) .
In summary, when few transducers are employed and few experimental data are available, the TDOA based DAS imaging method can display the defect with high resolution and accuracy. However, the performance of the conventional DAS imaging method is unstable. Though the result is effective when T5 works as an actuator, the result is invalid when T4 works as an actuator. Therefore, on the contrary to the conventional DAS imaging method, the TODA based DAS imaging method provides a better damage detection method.
For the sake of completeness, all the imaging results computed by the conventional DAS method and the TDOA based DAS method are listed in Table 2 . The TDOA based DAS method can image the damage no matter which tubular PZT transducer works as an actuator. However, the conventional DAS method merely can display the defect when T1, T5 or T8 works as an actuator, which is maybe caused by the different noise in each data acquisition process. Since the TDOA based DAS method increases the SNR by increasing the number of potential combinations between the response signals induced by the damage, the proposed method can always display the damage. However, when the SNR is low, the convention DAS method will easily cause artifacts, resulting in instability under few transducers and less experimental data.
Furthermore, the image of the defect in Fig. 7 and Fig. 9 can somewhat reflect the shape and the expansion of the artificial through-hole in the concrete slab. The quantitative relationship between the region of the image of the defect and the diameter of the through-hole will be study in our further research.
V. CONCLUSION
In this paper, the time difference of arrival (TDOA) based delay and sum (DAS) damage imaging method for concrete structures is studied. Furthermore, the tubular PZT transducers are developed to produce radially uniform two-dimensional stress waves in the concrete slab. Based on the theoretical analysis and experimental results conducted on a concrete slab instrumented with eight permanently embedded tubular PZT transducers, the proposed damage detection method for two-dimensional concrete structures offers several unique features and advantages:
(1) This research extends the DAS based damage imaging method to two-dimensional concrete structures. The time difference of arrival (TDOA) based DAS imaging method is applied to improve the damage localization accuracy for concrete structures when less experimental data is available, since the TDOA based DAS imaging method increases the number of potential combinations between the response signals which contain information of the defect in each transmitter and sensor pair.
(2) The tubular PZT transducers are developed to generate radially uniform two-dimensional stress wave for SHM of concrete structures. Compared with the conventional PZT patches, few transducers are needed in a SHM system due to the special construction of the proposed tubular PZT transducers.
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